Five points per plot were chosen for sampling. For each sampling point, 100 plants in a single row were counted, and the plants that presented symptoms of the disease were recorded. The geostatistical analysis used this data to estimate the experimental semivariogram, which was adjusted using theoretical models (spherical, exponential, Gaussian and logarithmic), in the Variowin 2.2 program. The semivariogram was verified by the geostatistical interpolation method or kriging through the cross validation, and cluster maps were subsequently made. The disease was present in 32 locations of 31 counties in Mexico State. All the locations presented a spatial behavior aggregated to the disease. Twenty-four locations were adjusted to the spherical model, seven locations were adjusted to the exponential model, and one location was fit to the Gaussian model. Lastly, it was possible to set aggregation maps in all models.
Introduction
Corn (Zea mays L.) is the main crop in Mexico State, accounting for more than 75% of the cultivated surface. A total of 579,407 ha were planted with corn during the 2006 agricultural year (SAGARPA, 2006) . This crop presents a very wide range of phytosanitary problems, including economically important pests like May beetles (Phyllophaga sp., Anomala sp., Cyclocephala sp., etc.), corn rootwoms (Diabrotica sp.) and false wireworms (Eleodes sp.) as well as diseases like horse's tooth (Claviceps gigantea) and rayado fino (a maize virus). Some rodents (Rattus rattus, Rattus norvegicus and Sigmodon hispidus), squirrels, Que- (CESAVEM, 2005) . Recently, attacks of head smut have been observed on native maize cultivars, which risks maize genetic diversity considering that the maize ancestor teosinte (Z. mays ssp. mexicana) is affected by this fungus.
Head smut may be fought by cultural, chemical, and genetic methods. However, few fungicides are both recommended and available commercially, and all of them used are for seed treatment (CICOPLAFEST, 1998; Dirección General de Sanidad Vegetal, 1998; Thomson-PLM, 2007) . Genetic control is more efficient and economical, but the degree of resistance to the disease of commercial and native materials is unknown; therefore, evaluation is required.
Correct control is strongly related to knowledge of the spatial distribution of the disease. Even now, this knowledge is lacking at both the plot and regional levels with regard to scientific support for the selection of efficient and sustainable alternative integrated controls. Several researchers have indicated that knowledge on the spatial distribution of the disease is widely important for the development of integrated management programs. This knowledge allows for the accurate and efficient development of sampling methods, control methods and risk valuation (Taylor, 1961; Boiteu et al., 1979; Ruesink, 1980; Taylor, 1984; Fleischer et al., 1999; González-Andujar et al., 2006) . The advantage of geostatistics is the characterization of the spatial distribution along multiple scales and directions, in addition to the independence from the mean and sample variance relationship. Geostatistical methods provide a measurement from the spatial dependence respect to others methods because they consider the bidimensional nature of the distribution of organisms and also allow the elaboration of useful maps (Isaaks and Srivastava, 1988; Oliver and Webster, 1991; Rossi et al., 1992; Speight et al., 1998; Sciarretta et al., 2001; Blom and Fleischer, 2001 ). The main objective of precision agriculture is the optimized global management of agricultural fields using of geotechnologies (e.g., global positioning systems, geographic information systems, geostatistics, and remote perception). Therefore, one of the objectives of precision agriculture is the management of control methods in specific zones of disease infestation as affected areas are visualized precisely on maps generated by kriging, which allows a more appropriate management strategy to be determined. Thus, economic and environmental costs are reduced. It is possible to establish spatial distribution maps of the disease and the percentage of infestation in areas under study by geostatistics. Therefore, economic and environmental savings are achievable because maize seeds can be sown with fungicides in specific zones of disease infestation. Geostatistic spatial modeling has been used to model leaf scorch disease in almond tree leaves caused by Xylella fastidiosa (Groves et al., 2005) , lettuce drop caused by Sclerotinia minor and Sclerotinia sclerotiorum (Hao and Subbarao, 2005) in California, damage caused by Pratylenchus crenatus in carrots (Hay and Pethybridge, 2005) in Tasmania, strawberry leaf spot caused by Mycosphaerella fragariae (Turechek and Madden, 1999) in Ohio, and the association of Beet necrotic yellow vein and Beet soilborne mosaic viruses in beet fields (Workneh et al., 2003 
Materials and methods
Sampling was conducted in 32 localities in the 31 municipalities with disease records (CE-SAVEM, 2005 ) when the commercial varieties and hybrids of maize were at milky stage of grain filling (R3) (Ritchie and Hanway, 1982 The geostatistical analysis consisted of 1) estimation of the omnidirectional semivariogram, 2) estimation of the parameters of the semivariogram model, and 3) estimation of the infested surface (maps) using points (estimations) obtained by kriging. The semivariogram was estimated using data collected from the disease sampling sites, and the experimental value of the semivariogram was calculated by the following expression (Journel and Huijbregts, 1978; Isaaks and Srivastava, 1989 (Armstrong and Jabin, 1981) . In practice, one of the functions known for fulfilling these conditions was chosen as a model (Isaaks and Srivastava, 1989) . The visual selection of a function that seems to be adjusted to the experimental values of the semivariogram and further validation of that selection are common procedures (Englund and Sparks, 1988) .
The different models adjusted to the experimental semivariograms were validated by a procedure called cross-validation (Isaaks and Srivastava, 1989) . In this procedure, a sample value is eliminated, and the geostatistical interpolation method called kriging is used along the semivariogram model for validation to estimate the variable of interest at that sample point from the remaining sample values. This procedure is carried out successively for all the sample points, and the differences between the experimental values and the values estimated are summarized by cross-validation statistical methods (Isaaks and Srivastava, 1989; Hevesi et al., 1992) . The model parameters for validation are the nugget effect, the sill and the range, which are modified in a trial-and-error procedure until adequate cross-validation statistics are obtained. i , and n is the number of sample points used in the interpolation. The MEE must be significantly equal to 0 (by a t-test), which might indicate that the semivariogram model allows for the calculation of unbiased estimates.
b) Mean squared error (MSE)
As a practical rule, a semivariogram model is considered adequate if the statistical parameter is close to zero (Hevesi et al., 1992) . The level of spatial dependence of the data obtained in the samplings was calculated to determine their degree of dependence with regard to their relationship strength. This value is obtained by dividing the nugget effect by the sill and expressing the result as a percentage. If the result is lower than 25%, the level of spatial dependence is high; if it is between 26 and 75%, the level of spatial dependence is moderate; and if it is higher than 76%, the level of spatial dependence is low (Cambardella et al., 1994; López-Granados et al., 2002) .
Kriging was used once the corresponding semivariogram models were validated. Kriging is a geostatistical interpolation method that avoids biased values associated with unsampled points for the elaboration of population density maps of a disease. The incidence estimations of corn head smut in the different localities studied were made using the program VarioWin 2.2 (1998). Once the corresponding estimations were obtained with ordinary Kriging for each locality, maps were constructed indicating the spatial distribution of corn head smut infestations in the different localities of Mexico State. The estimations obtained for the disease were represented on a map by the program Surfer 9 (Golden Surfer, Colorado, USA).
The real surface infested by corn head smut was estimated from the maps that were elaborated using the Surfer 9.0 program.
Results
The disease appeared in 32 localities in 31 municipalities of Mexico State; the incidence of the disease varied between 0.2 and 5.2% within the different localities evaluated. The highest field incidence of head smut (5.2%) occurred in the locality of San José Ixtapa, municipality of Temascalcingo. The total surface with disease incidence was 927.01 ha (Table 1) , corresponding to 9.96% of the total surface sampled in Mexico State in 2007.
The cross-validation statistical analysis (Table 2) indicated that the semivariograms obtained were adjusted to the spherical model for 23 localities; for 7 localities, the semivariograms were adjusted to the exponential model, and for one locality, the semivariogram was adjusted to the Gaussian model. These data showed an aggregated spatial structure of corn head smut in all the localities without nugget effect. The values of the nugget effect were equal to zero in all the model semivariograms obtained, indicating that 100% of the variation in the disease distribution could be explained by the spatial structure determined in the respective semivariograms.
With regard to the sill, the values ranged from 0.00020 to 7.34667 for the spherical model and 0.00367 to 0.31853 for the exponential model, and a sill value of 0.00063 was found for the Gaussian model. The range values varied between 72.0 and 2735.7 m for the spherical model and 112.4 to 988.92 m for the exponential model, and a range value of 1340.5 was found for the Gaussian mod-el (Table 2) . These values indicate that the spatial dependence between points was highly variable in the different localities and that the aggregation zones had different sizes. The values within the appropriate range of the cross-validation statistical values (Table 3 ) allow for the validation of the adjusted models. The level of spatial dependence was high for all cases.
Zones of disease aggregation were observed in all localities (Figure 1) , which for allows their visualization. The variable surface dimensions indicated on the maps occur due to the differences existing in the location of the corn head smut plots within each locality. The distribution of corn head smut populations was observed in specific zones of the localities with incidences above 1.4%, which suggests a relationship between aggregated distribution and disease incidence. Irregular aggregations and only one continuous aggregation were also obtained, expressed by the Gaussian model, for the locality of Juchitepec; it is noteworthy that these patterns of aggregations were inferred from the adjusted semivariogram (Goovaerts, 1997) . No association was observed between the incidence of the disease and higher number of aggregation centers, nor were lower localities with lower disease incidences found to have the highest free areas. The highest aggregate presence of the disease was observed along the borders of the map, although the highest incidences tended to be located toward the center of the map for most localities. The uninfested area was estimated to range from 13.0% (Tenango del Aire) to 88.0% (Acambay) of the total area sampled (Table 1) , with a mean value of 57.32%. The largest surfaces infected were estimated for Tenango del Aire (87%), Metepec (86%) and Tenango del Valle (85%); the average value was 42.67%. The maps allowed for identifying infected areas and free infestation areas.
Discussion
In this study, the level of spatial dependence showed the aggregated distribution of corn head smut disease in Mexico State in all localities evaluated. The differences in the disease incidences and the number of properties infested led to the different amount of aggregation centers of the disease. The validation of the semivariograms from each locality supported the aggregated disease distribution, which proved that the sample method and the sample scale used in the study were appropriate. The zero value in the nugget indicated that the sample error was minimal and that the sample scale was appropriate (Rossi et al., 1992) . The geostatistical analysis proved to be an appropriate tool for the study of the spatial distribution of the disease.
Only the localities with disease incidences higher than 1.4% were associated with a spatial distribution of the disease adjusted to the spherical model, which indicates that there are zones in those localities where head smut is more evident (Table 1 and 3) than in the rest of the sampled points. This pattern proves the existence of environmental conditions or susceptible maize genotypes favoring the expression of the disease under this spatial distribution. This association between the disease incidence and the aggregated distribution can provide early knowledge of the spatial behavior of the disease, which could guide monitoring and direct control measures to specific points with high disease incidences. 1±2 (2/N) 0.5 = 1±0.45, ns: do not differ significantly (P=0.05).
The spatial distribution of the disease in localities with disease incidences between 0.2 and 1.2% were described with exponential and spherical models. Localities for which the semivariogram was adjusted to an exponential model were not associated with disease incidences above 1.4%.
The localities for which the semivariogram was adjusted to the exponential model showed irregular or random distribution of corn head smut within the areas under study, which suggests the existence of a single definable factor.
CESAVEM reports (2005) have indicated that both commercial varieties and hybrids are more susceptible to the disease than native maize genotypes; therefore, the distribution of commercial varieties and hybrids might be irregular within the locality, or there might be a higher abundance of native maize genotypes.
The adjustment of the Gaussian model in the locality of Juchitepec, which had a corn head smut incidence of 0.2%, indicates that the disease was expressed continuously with respect to the (Table 3) . There is a continuous aggregation with respect to the collected data (Goovaerts, 1997) , which suggests that different environmental factors favor disease aggregation in a continuous form or expansion of the disease.
The geostatistical spatial models of corn head smut obtained in this work are consistent with the geostatistical models of leaf scorch disease in almond tree leaves caused by Xylella fastidiosa, obtained by Groves et al. (2005) , and the models of lettuce drop in California caused by Sclerotinia minor and Sclerotinia sclerotiorum, obtained by Hao and Subbarao (2005) .
Likewise, damage caused by Pratylenchus crenatus in carrots (Hay and Pethybridge, 2005) in Tasmania, strawberry leaf spot caused by Mycosphaerella fragariae (Turechek and Madden, 1999) in Ohio, and the association of Beet necrotic yellow vein and Beet soilborne mosaic viruses in beet fields (Workneh et al., 2003) have been modeled. Similarly, Larkin et al. (1995) modeled the epidemic of Phytophthora capsici in Chilean fields, which allowed determination of the spatial patterns of the disease and the water content in the soil as well as their relationship with the development of the disease at the plot level.
The maps obtained show that the disease does not cover 100% of the area in the locality; that is, the distribution is irregular. These results are consistent with reports by Roumagnac et al. (2004) of irregular distribution of Xanthomonas axonopodis pv. allii in onions and Gavassoni et al. (2001) of irregular distribution of Heterodera glycines in soybeans. Similarly, the distribution of Colletotrichum kahawae in coffee was reported as irregular (Mouen Bedimo et al., 2007) . The highest percentage of uninfested area was associated with the spherical model for the localities with disease incidences lower than 1.8%, except for the locality of Temascalcingo, while the highest percentages of infected surface estimated were associated with the three models. No relationship was found between the highest disease incidence percentages determined in each locality and the highest percentages of infested areas estimated.
The results suggest applications focused on the control methods within each locality, in the areas actually infested with the disease, that would enable economic and environmental savings. Both the localized use of maize seed treated with fungicide and the elimination of diseased plants justify the use of precision agriculture techniques for the control of corn head smut infestations.
The spatial distribution of the disease could be explained by the geostatistical semivariograms revealing the aggregation behavior of corn head smut, which are supported by the maps made by kriging in real time. Corn head smut did not present infestation distributions in 100% of the surface in the localities analyzed. The aggregation maps obtained can be used to determine control strategies that focus on areas infested with head smut.
The results of this work represent the first report on the spatial distribution of corn head smut disease obtained with the use of geostatistical techniques. Distribución espacial del carbón de la espiga (Sporisorium reilianum) del maíz en México. Cien. Inv. Agr. 38(2): 253-263. El conocimiento de la distribución espacial de las enfermedades en el ámbito agrícola es de gran importancia para la elaboración de programas de manejo integrado. Tal conocimiento permite el desarrollo exacto y eficiente de métodos de muestreo, de tácticas de control y de valoración de riesgos. A pesar de dicha importancia, se carece de estudios sobre el comportamiento espacial del carbón de la espiga del maíz en México. El presente estudio se realizó con la finalidad de determinar la distribución espacial de la enfermedad durante el año 2007 en el Estado de México así como la de establecer su comportamiento espacial con técnicas goeoestadísticas. El muestreo consistió en establecer cinco puntos por parcela, en cada punto se contabilizaron 100 plantas en una misma hilera, registrando las que presentaban síntomas de la enfermedad. Se realizó el análisis geoestadístico para estimar el semivariograma experimental, una vez obtenido, se ajustó a un modelo teórico (esférico, exponencial, gaussiano o logarítmico) a través de los programas Variowin 2.2., su ajuste se validó a través de la validación cruzada con el método de interpolación geoestadística o krigeado. Posteriormente se elaboraron mapas de agregación de la enfermedad. Los resultados indicaron que la enfermedad se presentó en 32 localidades de 31 municipios del Estado de México; la incidencia de la enfermedad presentó un comportamiento espacial agregado en todas las localidades, en 24 la incidencia de la enfermedad se ajustaron al modelo esférico, siete al modelo exponencial y solo una se ajustó al modelo Gaussiano. En todas las localidades se lograron establecer mapas de agregación.
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